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I 
The upward geotropic progression of young rats  has been  formu- 
lated in two ways  as  a  function of the inclination of the surface on 
which creeping takes place.  The conditions necessary for the securing 
of  significant  measurements  have  been  described,  and  need  not  be 
repeated.  1  The two formulations obtained are, first, an approximate 
descriptive  relation  between  the  mean  angle  of  upward  orientation 
(0) and the slope of the surface (a), such that 0 is, to a degree adequate 
for some purposes,  a  rectilinear function of log sin  a;  and second, in 
a  manner consistent with the assumption that the limiting condition 
for steady creeping is given by sensible equality of stretching tensions 
on the legs of the two sides of the body during progression, cos 0 de- 
creases rectilinearly as sin o~ increases.  When genetically comparable 
individuals  are  employed,  the  constants  in  these  equations  are  re- 
peatedly recoverable from litters of the same inbred strain.  Different 
inbred strains  have been available,  moreover, for which these equa- 
tions are again applicable, but with different numerical values of the 
respective constants. 
Geotropic  animals  in  which  the  mechanics  of  the  support  of  the 
weight of the body on an inclined plane is certainly different from that 
in young rodents  show that  the  angle of  oriented progression  (0)  is 
again a function of a, but that the sort of relationship obtained changes 
according to the structural conditions, so that 0 may be directly pro- 
portional to sin o~, or again to a, rather than to log sin o~, or even that 
A  log 0  /  A  a  =  const.  (cf. Wolf,  1925-27; Crozier and Stier,  1928-29; 
1929-30,  a;  Kropp  and  Crozier,  1928-29;  Kropp,  1929;  Hoagland, 
*National Research Council Fellow. 
1 Crozier and Pincus, 1925; 1926-27, a, b, e, d; 1927-28; Crozier, 1928. 
57 
The Journal of General Physiology58  GEOTROPIC  EXCITATION.  I 
1929;  Crozier,  1928; several  other instances remain to be described). 
Consistent with these findings regarding empirical descriptions of the 
geotropic  orientation,  each  of  the  instances  cited  provides  its  own 
more rational equation in terms of the limitation of oriented creeping 
through the distribution of tensions in the supporting musculature. 
Such findings strengthen the opinion that the equations concerned 
may  very well  have  a  functional  significance beyond  their  value  as 
means  of  empirical  description.  "The  genetic  utilization  of  such 
differences,  supposing  them  to  be  found,  can  provide upon  the  one 
hand  a  biological  test  of the  reality of the  behavior constants, and 
upon  the  other  a  means  for  the  consideration  of certain  concrete 
aspects  of behavior  in  relation to inheritance" (Crozier and Pincus, 
1927-28).  This  amounts  to  an  application  of  the  atomistic  con- 
ceptions of genetics in the search for a biological proof that differences 
recognized mathematically in  the  behavior  of two  otherwise closely 
comparable  organisms  may  have  a  "real,"  that  is  structural  or 
molecular, basis. 
We are under very real obligation to Professor W. E. Castle for his 
kindness in supplying us with animals necessary for the experiments, 
and for his interest in the progress of the tests. 
The observational basis  for the  theoretical superstructure employed in  the 
present discussion has been developed in a series of papers by a number of workers 
in this Laboratory (cf.  CITATIONS).  Important features of our conclusions from 
certain of these data have been adversely criticised  by Hunter (1927),  Pi6ron 
(1928, a; 1928, b), and Hovey (1928)Bthe latter working under the direction of 
A.  R.  Moore.  We are quite sure that these criticisms  originate from miscon- 
ceptions which are in large part not unfairly characterized as inexcusable;  some 
of these we have indicated in previous papers (Crozier, 1928; Crozier and Pincus, 
1928-29;  Crozier and Navez, 1929).  Both Hunter (1927) and Pi6ron (1928, b) 
make considerable  parade of "statistical" treatment of their data drawn from 
experiments supposedly  comparable with  ours,  but  these  writers,  and  Hovey 
(1928), carefully avoid reference to the fact that in every instance the measure- 
ments we have secured have been obtained in such a  manner as to  provide  an 
"internal check" automatically emerging from the changes in the variability of the 
recorded magnitudes of the orientations (0) as a function of the inclination of the 
creeping surface.  This kind of control of the significance of the data comes about 
in a way which cannot possibly be influenced by the experimenter during the tests, 
and failure to appreciate its meaning can arise  only from causes for which  the 
present writers decline to accept responsibility. W.  J.  CROZIER  AND  G.  PINCUS  59 
Under conditions such as we have maintained, the specific mean magnitudes of 
0, in homozygous races of rats, have been found to be quantitatively recoverable 
in repeated series of tests over long periods.  Under conditions which many earlier 
trials had taught us to be unsuitable for any reliable tests, wide fluctuations in 
upward  orientation  are  easily observed.  The  influence  of  light, for  example, 
unquestionably present (together with other sources of trouble) in Hunter's (1927) 
experiments--and  said  by  Hovey  (1928)  to  be  without significancel--is easily 
shown by such tests as the following (of.  also Keeler, 1927-28, with mice).  On a 
creeping plane tilted at a  =  20 °, certain individuals of our race K gave under weak 
red light mean 0  =  44  ° 4- 1.9, as compared with 44.5 ° -4- 3°; 43.7 ° ±  2°; 46.1 ° 
1.6, obtained in longer series of tests at intervals during a period of two years (the 
first two series are cited in Crozier and Pincus, 1926-27a; 1928-29; the third series 
is based on only twenty-two observations).  As is usual at such low inclinations, 
creeping is slow (Pincus, 1926-27) and there is much "random movement."  It is 
necessary to wait for the intermittent periods of active progression, in which alone 
is orientation evident.  But  when  a  white light of moderate intensity (approx. 
1 f.c. illumination) is turned on, above and somewhat in front of the surface, creep- 
ing is for some time much faster and the random movements less in evidence.  At 
first, 0 may be almost 90  °.  In successive runs it slowly decreases.  At the end 
of half an hour or more, exposure to the light being continuous, 0 then becomes as 
low as 45 °.  In duplicate experiments, the mean 0 obtained from such tests may 
be as high as 80 ° at a  =  20  °.  If the source of light be somewhat to one side of the 
animal, it swerves in the opposite direction, and 0 may be as 10w as 0°; again, 
with exposures continuing for some time, 0 slowly increases.  If under dim red 
light a young rat be proceeding in a well oriented, straight path and a white light 
of even low intensity be then turned on above it and slightly to the rear, 0 is sharply 
increased (after a measurable latent period) ; if the white light be then excluded, 
0 is seen to decrease if a  brief pause or hesitation permits reorientation; in  the 
absence of adequate lateral swerving there is no particular reason (of.  Crozier and 
Pincus, 1926-27, a) why the animal should change its path, since on the theory we 
have presented orientation in the area delimited by +  0 and -  0 is not geotropically 
constrained; this very obvious condition of the experiments seems to have been 
deliberately violated in  Hovey's  (1928)  experiments,  and  here  unquestionably 
accounts in part for the prevalence of high values of 0 at each  magnitude of a, 
since the rats were in this case started creeping  vertically on the plane and not 
headed to one side.  These are elementary phenomena of phototropic orientation 
in a  situation involving competition between geotropic and  phototropic vectors 
(Crozier and Pincus, 1926-27, b, c; Wolf and Crozier, 1927-28), coupled with  the 
occurrence of photic adaptation.  If tests are made in a  room with one or more 
windows admitting daylight, almost any complexity of behavior may be witnessed 
on the inclined surface.  In this connection we would emphasize the fact that the 
upward orientation on an inclined surface cannot possibly be regarded as due to 
mechanical inability of the young rat to move downward.  At inclinations not too 
great, it is easily possible to force the animal to creep downward by appropriate 60  GEOTROPIC  EXCITATION.  I 
illumination,  and  in  fact  downward  creeping  sometimes  occurs  spontaneously 
(cf.  Crozier and  Pincus,  1928-29).  We therefore reject as equally inapplicable 
the suggestion by Wickham (1928,  p.  163)  that young rodents creep on inclined 
surfaces  because  they  are  "afraid  of  falling,"  and  that  advanced  by Hovey 
(1928), following a similar thought expressed by Hunter (1927),  that only in up- 
ward progression can the animals obtain a secure footing. 
The contention that the oriented upward movement of young rats upon an in- 
clined surface is not  a  tropistic response because  it is  affected by  "learning" 
(Hovey, 1928)  is of course irrelevant even if it were true.  In the paper cited no 
proof of learning is indeed given, because during a prolonged series of observations 
upon  single individuals the conditions of progression change as a  result of the 
rather rapid development of the musculature of the appendages at this period of 
growth (in well-nourlshed litters).  It would be necessary to have data upon the 
progression of "untrained" individuals of the same effective age; it is not sufficient 
to compare mean angles of orientation at the beginning and at  the  termination 
of a long series of trials.  Comparisons of this sort which we have made with rats 
and with guinea pigs show under suitable conditions no effect due to  "learning." 
Moreover, in such experiments (Hovey, 1928) there enters the possibility  of errors 
of a sort very clearly evidenced in experiments with ants.  During an investiga- 
tion of the geotropic orientation of ants of various species it was found by Dr. T. C. 
Barnes, and by Mr. B. F. Skinner, that when an individual of Aphaenogasterfulva 
is kept isolated from the nest and is tested at intervals during several days, the 
angle (O) of oriented progression at a given slope of surface shows definite increase. 
But this rise in 8 is also exhibited by an individual kept in isolation for a similar 
period without trials upon the sloping surface. 
The possibility of "facilitation" effects ("learning") was very early explored in 
these experiments.  1  No trace of it could be found,  under the conditions of our 
tests.  But again there are misleading occurrences which require that the observer 
exercise reasonable intelligence.  With 8 individuals, for example, tests were made 
at 7 values of a  to determine if a second series of trials, several hours subsequent 
to a first series, would yield a different mean 8.  It was found, using 20 observa- 
tions with each individual at each slope in each series, that 8 was in these 56 tests 
on the average 1°.32  less in the second series than in the first.  The difference 
(81  -  8~) was therefore contrary in sign to what would be expected for the effect 
of a  valid influence of "learning."  It happened that these experiments were so 
planned that values of 81 were obtained in the morning, of 8~ in the late afternoon. 
While the absolute differences never exceeded (81  -  8.2)  --  -  5  ° in any one case, 
and in the mean gave -  1  °. 32 t the difference is entirely consistent with the known 
lessened activity of the young rodent in the afternoon and evening, as contrasted 
with morning hours,  even  when  external  conditions have  been kept  constant; 
this has been established by Szymanski (1920,  1922),  and others, and for young 
individuals with greater technical refinement by Dr. E. Wolf and by Dr. T. J. B. 
Stier in the course of investigations now in progress, in which the effects of feeding 
have  been controlled.  So far as it goes, the result of these  tests merely con- W. ~'. CROZIER  AND  G. PINCUS  61 
firms the indications from the application of other criteria, namely that the technic 
of the present  experiments  has been relatively  free from gross sources of  inade- 
quacy.  It should be added that when an additional  load is carried,  0 at given 
(low) a is increased, but that tests made immediately after the removal of the load 
(cf. last section of the present paper) show 0-values uninfluenced in any way by the 
preceding experience. 
The considerations  adduced by Pi~ron (1928, a; b) are of a somewhat  different 
order.  Arguing, reasonably  enough, that if the limitation  of upward orientation 
in such a gasteropod  as Agriollmax  (Wolf, 1926-27) is controlled by the adjust- 
ment of gravitationally induced tensions in the musculature of the body as we have 
considered in the case of rodents,  then the amount of upward orientation should 
be less if the animals are put under water.  However, as experiments made by one 
of us (W. J. C.) some years ago had shown, the slug Limax, as used by Pi~ron, is 
not exactly suitable  for such  tests.  When placed  on a  glass surface  and  then 
lowered  under  water  the  direction  of subsequent  turning  is  largely  influenced 
by the mode of lowering of the plate into the water,  and by the relation  of the 
aquarium to the positions  of windows (although  the cepahlic  tentacles  are not 
fully everted).  What actually happens in such  trials  we shall  discuss in detail 
elsewhere.  When observational  errors of these kinds are excluded, and allowance 
is made for the fact that the foot does not adhere to glass under water,  and that 
the slugs do not creep, there is also in Pi~ron's account an apparent error of curious 
sort regarding  the measurement  of the angles of orientation.  For the present, 
we would therefore cite the facts revealed in a long series of experiments in Cuba 
by one of us and Dr. A. E. Navez, employing Onchidium and various land snails 
of which the foot adheres well under water, and which creep vigorously; it is found: 
(1)  that the "angle effect" in orientation is perfectly real, in air or under water; 
(2) that by the attachment of a cork float to the shell a form such as Liguus  can 
be forced to orient downward under water,  rather than upward as in the absence 
of the float;  (3)  that  the reaction-time  to geotropic  excitation,  obtained by a 
method which avoids handling,  is a function of a, and of the mass of loads added 
to the shell  (in air or in water).  These  findings are in perfect accord with the 
proprioceptive  origin of geotropic orientation,  and flatly contradict Pi6ron's con- 
tention.  We are therefore  quite justified  in dismissing  Pi~ron's  conclusions as 
having no weight in this matter, since his alleged phenomena are in fact superficial 
accidents having no bearing upon the point at issue. 
II 
It should be obvious, of course,  that persistent  self-consistency in 
the performance of animals within  a  well-inbred line must be due to 
likeness  of  "inheritance."  The  two profitable  questions  which  arise 
have to  do with  (1)  the  genetic behavior of recognizable differences 
when unlike lines  are  crossed,  and  (2)  the possibility of utilizing the 
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original  differences.  This  amounts  to  a  mode  of  definition  of  an 
hereditary effect,  or of a gene, namely in terms of the connection be- 
tween its organic expression and the values of an effective and experi- 
mentally controllable variable.  There is implied in the acceptance of 
this  procedure  the  view  that  the  customary  description  of  genic 
differences is imperfect.  It has come to be rather generally recognized 
that a  major problem in the theory of genetics is that of the method 
whereby genic effects are produced.  The analytical manipulation of 
genic  differences,  however,  clearly  requires  something  more  than 
mere description in terms of developmental rates and times of onset. 
It in fact necessitates the characterization of genetic contrasts in terms 
of magnitudes having functional dimensions.  In only one group of 
instances have data of this sort been provided, namely in the case of 
eye-facet number in Drosophila; and here the analysis of the relations 
(to temperature, in this case), has certainly been defective. 
The proposition we here advance serves to bring out one aspect of a 
general method of biological analysis which we believe to hold promise 
of wide significance.  In outline, this method of defining an effect in 
inheritance  seeks  to  avoid  the  pitfalls  of  the  pseudo-quantitative 
treatment which depends upon mere differences in terms of a relation- 
ship of "greater"  or "less" between two values of a  certain variable; 
it does so by attempting to obtain the law of the relation between each 
expression of the variable in question and some controllable external 
variable.  Instances will be given in which (cf.  Crozier and Pincus, 
1927-28)  this kind of description can be shown not merely desirable, 
but necessary. 
It is not to be taken for granted that  the  primary  variable,--in 
cases such as we now chiefly discuss,  the difference in  geotropic be- 
havior between two groups of young rats,-- is in itself likely to be a 
simple thing.  But we may illustrate the necessity for the introduc- 
tion of an additional co6rdinate in such analyses by considering briefly 
the case previously described (Crozier and Pincus, 1927-28) ; here, two 
races of Rattus norvegicus, A  and If, are found to differ from one another, 
as regards geotropic orientation, in the way demonstrated by Fig.  1. 
If comparisons between these two races were to be made solely at a 
low value of a  it might be said that race A  is more responsive, more 
sensitive,  geotropically,  since  ~ is  there  greater  for A  than  for  K 
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were made only at high values of,  the conclusion would however be 
exactly the reverse; and in an intermediate region the two races would 
appear identical.  Thus it may happen,  in any given case,  that  the 
organic  variable  may be  fundamentally  altered,  genetically,  in  the 
sense that  the form  of its quantitative  relationship  to some external 
condition of its expression is no longer the same.  But unless the law 
of the relationship can be adequately established over a range of values 
of an independent variable, this sort of contrast between two types of 
organisms  cannot  be differentiated from that  in which the  absolute 
magnitudes  (of response, let us say) are altered while the form of de- 
pendence  upon  the  experimental  variable  is  still  the  same.  This 
again may be illustrated by means of Fig. 1. 
Data obtained with race B are chosen, from among others available, 
to  show  that  the  absolute  amount  of  geotropic  response  may  be 
markedly different in two kinds of individuals, (A, B), under the same 
conditions, although the way in which the response is affected quan- 
titatively by increasing  the magnitude  of the  exciting  condition  re- 
mains  the  same.  Race B  rats  were from  the  llth  brother  x  sister 
generation of a line which before this period of closest inbreeding was 
loosely inbred.  For the test of which the results are given in Table I, 
5 individuals were used.  0, and P.E.0, depend upon sin a  in the way 
already described for the other races; the number of readings at one 
inclination  varied between 51  and 62,  so that  in Fig.  2 the value of 
,~ as a percentage of the mean has been plotted to demonstrate that in 
this line also the decreasing variability of response is sensibly a straight 
line function of log sin a.  At ~  =  70  ° the results with B  were not 
quite so certain  as with K  or A,  due to a  small percentage of cases 
in which slipping was present, and it is to be noticed that the measure 
of the variability of 0 correspondingly shows a  slight but definite rise 
(cf.  also,  Crozier  and  Oxnard,  1927-28).  The weights of these rats, 
on  the  13th-14th  day  after  birth,  when  used  for  the  experiment, 
were 20.5  ±  0.91  gins.; later we shall have occasion to refer to this 
point.  The lesser relative reliability of the mean  0 at  a  =  70  °,  al- 
though in no sense serious, in this case noticeably disturbs the posi- 
tion of the cos 0 plot (Fig.  1) at this value of the slope (a), since cos 0 
is more sensitive at the higher angles. 
The  two types of organic  difference here  diagrammed  might  ob- 
viously be combined in  such  a  way as to  occur simultaneously  (cf. 6~  GEOTROPIC EXCITATION.  1 
data in:  Crozier and Pincus,  1927-28).  Another illustration of the 
general  principle may  be  taken  from  studies  on  the  temperature 
characteristics of vital processes.  If the  addition of a  reagent in- 
duces change in the frequency of heart-beat, for example, at constant 
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]FIG. 1.  Oeotropic orientation of young rats of three genetically distinct races 
K, A, and B, presented in terms of the linear relationship between cos 0 and sin a, 
where a is the slope of the surface and ~ is the angle of oriented progression on the 
surface.  (Four series of measurements are plotted for race K, to show reproduc- 
ability; see text.) 
temperature, we cannot tell from this alone whether the frequency 
has been altered without change of temperature characteristic, or that 
the  whole  basis  of  the  relation  to  temperature has  been  changed 
(of. Crozier 1925-26; Crozier and Stier, 1924-25,  a; 1925-26,  1926-27; W.  .]'. CROZIER  AND  G.  PINCUS  65 
1929-30,  b,  etc.); the mere statement that "the frequency has been 
increased" may be true in one part of the temperature range but not 
at all true in another, and by itself is of practically no analytical sig- 
nificance.  But if the relation to temperature is identical in the presence 
of the reagent, though the absolute frequencies are no longer the same, 
01 L  t0  00 
Fla. 2. Variability among measurements of 0 with race B obeys the same rule 
as found with races K and A; see text. 
it is clear that the mode of action of the reagent is to be described 
in a way which must differ materially from that required if the fie- 
quency is no longer the same kind of a function of the temperature. 
With regard to problems of inheritance, the point fundamentally at 
issue appears not unusually to be of just this kind.  * 
III 
We may first consider the results of genetic tests involving races 
K  and A in terms of the relation between cos 8 and sin a  (Fig. 1).  On 
the  assumption  that  in  upward  geotropic  creeping  the  young rat 
orients until there is  equality of stimulation by downward tensions 
The point we desire to make may not be completely new, but certainly it has 
not been expressed clearly hitherto, nor used.  Thus, in discussing cases in which 
a particular genetic type appears different from another one only in'a special en- 
vironment,  the best usual opinion has been  (Morgan,  Sturtevant,  Muller, and 
Bridges, 1915;  1922,  pp. 38 d  seq.)  that in most cases of genetic difference "the 
environment, being common to the two, may therefore in such cases be ignored, or 
rather taken for granted."  In cases of the former type, it is recognized that "it 
is the different possibilities of reaction that are inherited."  Our point is that in 66  GEOTROPIC  EXCITATION.  I 
on the  legs of the  two  sides of the  body,  in the  direction parallel  to 
the inclined surface, it appeared  I that it should be found that 
A  cos O/A sin a  =  --  const ........................  (1) 
If the difference between lines K  and A, as related to the magnitude 
of  the  slope  constant  in  Equation  (1),  has  an  approximately simple 
genetic basis we should expect:  (a) possible indications of dominance 
TABLE  I 
Mean angles of upward orientation (0) obtained in several series of tests with 
young rats of lines K and A.  With line K, series IV is based upon observations 
(i and ii)  made two years after those in series I (for series III, and the data on line 
A, see:  Crozier and Pincus, 1927-28).  The inclinations  of the creeping surface are 
given in the first column. 
Deg. 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
70 
O, degrees 
32.64-2.66 
44.54-1.01 
52.94-0.97 
57.44-0.9~ 
64.04-0.9C 
69.84-0.82 
77.94-0.81 
84.74-0.46 
88.34-0.31 
Line K 
III 
37.4  4- 
43. 704-2.05 
53. 754-2.24 
55.984-1.72 
62.504-1.21i 
59 894-i. 1~ 
81.804-0.81 
1 
86.754-0.43 
IV 
(i) 45.4  4-1.30 
(ii) 52. 714-1.17 
(i)  75.114-1.38 
(ii) 86.6  4-0.51 
Line A 
I  II 
51.884-0.23 52.81-4-1,40 
56.974-0.21 58.274-1.40 
61.39~:0,18 59. 284- I. 26 
63.19-4-0.16 63. 054-1.02 
71.244-0.14 71.444-1.05 
77. 694-0.16 78. 524-1.02 
80,174-0.10 79. 544-0.73 
Line B 
55.054-1.61 
60.524-1.34 
68.244-1.2~ 
72.164-0.8.' 
77.264-0.7~ 
82.054-0.51 
83.984-0.53 
in  FI,  but,  more  significantly,  (b)  evidence  of  segregation  in  back 
crosses between F1 and Px and Pa.  In  comparing Equation  (1)  with 
the  subsequent  treatment,  it  is necessary to  remark  that the devia- 
tions  of the  data  from its curve are statistically real and significant, 
either instance the "possibilities of reaction" require quantitative formulation, and 
that such formulation necessitates statement as a function of some independent 
variable.  Growth-curves, survivorship curves, and dubious "reaction rate" curves 
do not give this information.  Many years ago the investigation of the tempera- 
ture coefficients for frequency of heart beat in hybrids of Fundulus  and Menidia, 
however, was undertaken by Loeb and Ewald (1911).  We expect to have more 
to say about such cases in the near future. W.  ~.  CROZIER  AND  G.  PINCUS  67 
though small, even for races K  and A ; hence we cannot pass directly 
from equation (1)  to the differential d  0/d  log  sin  a  subsequently 
used. 
Line K  represents about 60 generations of brother by sister matings 
and is identical with the King line of inbred albinos.  Albinos of the 
O 
~9 
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FIG. 3. Showing agreement between independent determinations of the geo- 
tropic orientation function with young rats of race A.  Data in Table I (and of. 
text).' 
King strain were indeed used in making the crosses for these experi- 
ments.  As regards color factors, the K  animals were cc RR aa hh, 
where c--  albino, R  ---  dark eye, a  =  non-agouti, and h  ---  hooded. 
The A animals were of the 10th and 12th brother x sister generation 68  GEOTROPIC EXCITATION.  I 
of an inbred line of red-eyed yellow hooded animals,  and as regards 
the color factors were CC rr aa hh.  The B line is also red-eyed yellow 
hooded,  and  the  animals  tested  were  of  the  llth  brother  x  sister 
generation. 
To test the reliability of the original  data  on. the A  line a  series of 
experiments was undertaken with a new litter of 5 individuals (of the 
twelfth  generation  of  closest  inbreeding),  some  months  subsequent 
to the publication of our previous paper in which the characterization 
of this  race is given  (Crozier and Pincus,  1927-28).  The technique 
was as already described.  The results are given in Table I  (under A, 
Series II) and in Fig. 3.  It is of interest to compare these figures with 
those earlier obtained.  In Series I  (A),  12 individuals were employed, 
with approximately ten observations on each.  In Series II, 5 individ- 
uals with  15 observations on each.  In both cases the variability of 
0 declines with increase of a,  and in the manner we have specified in 
previous papers  (Crozier  and  Pincus,  1926-27,  a;  1927-28).  It  has 
been pointed  out  (1927-28)  that  if two sets of tests  are made,  one 
with  N  individuals  and  twenty  observations on each,  the  other with 
2  N  individuals  and  ten  observations on each,  the measure of  vari- 
ability should in the former case decline twice as rapidly,  as log sin o~ 
increases.  This is in consequence of the assumption that the measure 
of variability~ 1/~/n,  where n is the number of observations at every 
value  of  a,  and  also o~ x/N,  where N  is the  number of individuals 
which  serve as  separate  "centers"  or loci of variability of reaction. 
When P.E.0/O x  100 is a usable measure  of the  variability  expressed 
as a function of log sin ~, we then look for the decline of variability in 
our first instance  to  be related  to  that  in  the  second by the factor 
~//N  10 
x ~-~, or in  the ratio  of 2:1, which was observed (Crozier and 
Pincus,  1927-28).  This  method  of  comparison  is  important,  and 
can  be generalized--roughly,  it is true,  but with significant results2 
It might be objected (cf.  Hunter,  1927; Hovey, 1928)  that the frequency dis- 
tributions of 0 at each magnitude of a are in fact definitely skewed.  To this there 
are several replies, not mutually exclusive.  In the first place, unless number of 
individuals and number of observations are the same, within rather narrow lirnlts, 
skewness can be introduced by differences of sensitivity (temporary or permanent) 
among the separate  individuals (cf.,  e.g., the discussion in:  Crozier and  Stier, W. J.  CROZIER AND  G. PINCUS  69 
Series I  (A) was run in two stages, tests being made with individuals 
in two  groups of six each,  with  a  slight  difference between the  two 
groups.  We expect that the slope of the line connecting P.E.0/0 x  100 
with log sin a  to be abou~ the same with the data for individuals  1-6 
and 7-12.  The results are given in Fig. 4.  The slight age difference 
between the groups (1-6)  and  (7-12) may be responsible for the fact 
that the ratio of the slopes is not 1.0 but 0.83; in any case the  agree- 
ment must be regarded as close.  If we compare these data with those 
from Series  If  (A)  (Fig.  4), we expect the  slopes to be,  for Series I 
(1-12) and Series II, in the ratio ( 7~1~0)  (~/-~)=  1.34.  The ratio 
found is  1.46.  Between Series I  (1-6)  and  Series II we  expect, on 
the same basis,  a  slope ratio of 1.29; that found is 1.28.  We regard 
this  sort  of  agreement  as  an  excellent test  of the  constancy of  the 
1927-28, 1928-29; Crozier and Pincus,  1927-28).  Secondly, if our conception of 
the situation be at all correct, it is illegitimate to group the observed O's into size 
classes of the same magnitude; both as regards the grouping of mean O's as a func- 
tion of the slope of the surface, and as concerns the grouping of O's in a frequency 
polygon at a given value of a, the size-classes must be arranged in a series which 
recognizes the way in which the variability of  0 is empirically  found to behave 
(c/.  Crozier and Pincus,  1927-28).  There are two ways in which this condition 
can be met.  One may either arrange the  O's (at given a)  in a logarithmic  fre- 
quency distribution,  and then deal with the geometric mean of the O's; or the fre- 
quency distribution may be based upon the values of  cos O.  In either case the 
asymmetry evident in arithmetic seriations of observed O's when large numbers of 
readings with homogeneous material are available,  sensibly disappears  (as is in- 
deed obvious to mere inspection).  These tests we have in fact made long ago. 
Since with the arrays of O's we have used it is found that the indicated statistical 
refinements make no detectable difference in the usable end result, they have been 
ignored.  But we would stress (1) the point that when for example slipping of the 
animals  occurs, such as causes trouble in experiments  with young mice at high 
values of a, and is easily recognized and noted, the P. E. of 0 increases (both abso- 
lutely and relatively; Crozier and Oxnard,  1927-28) while the  mean 0 does not 
increase as expected; hence the two modes of treatment of the mean  O's supply 
important mutual  checks;  and (2), more significant, that the "skewness"  of the 
frequency distributions  of 0 is in fact precisely what we have reason to expect if 
the general interpretation we have employed be essentially sound. 70  GEOTROPIC  EXCITATION.  I 
technic employed in the experiments,  and of the homogeneity of the 
material constituting each set of animals tested. 
It may be worth while to  extend  this  mode of calculation  to  the 
comparison of different races as regards variability.  If two races of 
young rats are intrinsically alike with respect to properties influencing 
the expression of t~ as a  function  of a  under the conditions of these 
experiments,  then we expect the slopes of lines connecting P.E.0/0  × 
100 with log sin a to be in the ratio already given,  v(-~)  (N-~)' where 
N1, IV, are the numbers of individuals of races 1, 2, concerned in the 
tests,  nl,  n2  the  respective numbers  of observations  at  each  a  with 
~er 
cent 
4 
1 
o  °"-°--~---o-- 
1.6  1.8  0.0 
log sin a 
FI6. 4. Data for determining ~ (100 Kqo/O)/n log sin a for various series of 
observations.  See Table III, and text. 
each  individual  (constant  at  every  a  for  each  race).  Deviation 
from  the  expected  ratio  would  afford measure  of unlikeness,  as  re- 
gards variability of the response, in the two races.  In other words, 
we may compare the values of the products 
In doing so, it has to be remembered that slight errors in fitting may 
make relatively large differences in  the  slopes, and  thus in  the  final 
figures.  The slopes (~ P.E.0/0)/(A log sin ~) are obtained from plots 
(Fig. 4), taking ~ log sin a  =  0.4.  Table II contains a summary of the 
available data for races A, K, F1 (K x A), B, and R. rattus.  The num- W.  J.  CROZIER  AND  G.  PINCUS  71 
ber obtained by this procedure has the significance of a  "mean change 
in the mean root-mean-square deviation from the mean, per individual, 
as a  percentage of the mean,  and per unit  change of the independent 
TABLE  II 
A measure of the comparative variability of the geotropic response in  different 
lines of young rats is obtained by comparing the values of the products 
[~ (100 P.E.0/0)/A log sin a] [qn/N], 
where a is the slope of the surface, 0 is the orientation angle, and P.E.0 (or C.V.0 
from weighted averages) is computed (for the mean) in the usual way; n  =  number 
of observations with each individual, N  =  number of individuals;  n  and N  are 
constant, and the same individuals are used, at each magnitude of a  in any one 
series.  The figures in the last column are taken as direct measures of the fraction 
of intrinsic,  internal,  variability  of geotropic  response  which  is  susceptible  to 
restriction by increasing the geotropic excitation.  Discussion in text.  See also 
Table X. 
(I) 
Race and Series 
KI 
K III 
K II* 
K +  weight 
A I1-6 
A I~-i~ 
A Il--l* 
A II 
FI (K x A) 
(F1 x A) 
B 
R. rattus 
(2) 
N 
2 
4 
2 
4 
6 
6 
12 
5 
12 
21 
5 
5 
(3) 
20 
10 
15 
10 
8.3 
10,0 
9.2 
15 
10 
20 
10 
3 
(4) 
3.17 
1.58 
2.74 
1.58 
1.18 
1.29 
0.875 
1.74 
0.915 
0.977 
1.42 
0.74 
(5) 
P .E "0  A 100 
o 
A log sin a 
1.75 
3.80 
0.55 
1.67 
2.40 
1.80 
2.70 
1.80 
2.10 
0.36 
2.67 
3.6 
(6) 
(4) x (5) 
5.55 
6.00 
1.50 
2.64 
2.83 
2.32 
2.36 
3.13 
1.92 
0.352 
3.79 
2.67 
variable."  Its use in this form is justified only when the individuals 
constituting a  sample are fairly comparable with one another, but the 
general  method  has  important  possibilities  of  application  to  other 
and quite  different  cases.  The essence of the method  consists in the 72  GEOTROPIC EXCITATION.  I 
formulation  of  varibility  as  a function  of  some  controlling  variable. 
Where duplicate series of observations permit direct comparisons, the 
agreements are clearly as close as can be expected.  (It may be men- 
tioned that for the K  race the "variability number" can also be com- 
puted from data on the speed of progression (Pincus,  1926-27);  it is 
of the order of magnitude given for angles of orientation (Table II)). 
And there are equally clear differences between the several groups. 
To interpret these differences it has to be noticed that  (other things 
equivalent)  the  slope  A  (100  P.E.0/M)  /  A log  sin  a  is  an  inverse 
measure  of  the  uncontrollable  intrinsic  general  variability  of  the 
recorded behavior of the animals in  the experimental situation,  in- 
cluding errors of recording, but a direct measure of the variability of 
response due to  factors susceptible to  restriction by increasing  the 
magnitude of the geotropic vector.  In  this  sense,  the F1  (K  x  A) 
individuals are significantly more variable in their geotropic response 
than their K or A parents, so far as concerns the operation of influences 
(affecting the measured responses) which are susceptible to restriction 
by increasing the geotropic excitation; though,  as  we  shall  later  be 
able to demonstrate, the FI group should,  organically, be in this re- 
spect much closer to A  than to K, as it is indeed found to  be.  We 
may note that at the time of observation this could not possibly have 
been  foreseen.  Although this  increased uncontrollable variation  in 
F1 may be at first sight curious in the genetic sense, it is entirely con- 
sistent with the expected effects of hybridization, and may be related 
in part to the greater weights of the individuals in the hybrids than in 
the parents, at the time of experimentation. 
When the function A ~ / A a is the same for two individuals, but e is 
higher,  consistently, with one than  the other,  this  makes the P.E. 
of the mean e larger than it "ought" to be; and it increases that frac- 
tion of the total variability of the mean 0's which cannot be propor- 
tionately reduced by increasing ~.  This phenomenon is clearly evi- 
dent in our detailed records, and is very likely related to the weight 
of the animal.  Hence our comparison with heterosis.  This is  still 
further borne out by the data from a populatiou produced in the back- 
cross FIx A  and known to be in this respect heterogeneous (Fig. 4). 
Again, as we shall subsequently discuss, the residual variability meas- 
ured in this way and open to influence by increasing sin c~, is reduced W. J.  CROZIER AND  O. PINCUS  73 
by attaching a  mass to the animal's body (cf. entry "K  +  weight," 
in Table II), as should be expected. 
For completeness sake, and also because it provides an interesting check upon 
these contentions from a quite different aspect, we include a series of observations 
with rats of race K, Series II, already referred to (Crozier and Pincus, 1927-28) 
as "unsatisfactory"  because of technical difficulties.  The results  are given in 
Table III, and the computed variation index is included in Table II (K, II*). 
Direct observation led to the rejection of this series as relatively nonsignificant, 
because creeping was more erratic than usual, and in correlation with circumstances 
clear to the observers at the time (low temperature, mechanical disturbances). 
In spite of the fact that 0 increases so much more rapidly as a increases than in 
TABLE  HI 
Orientation Data  for Series II, Race K; See text 
a  O  P.E.  O/O x I00 
dcgrc~ 
15 
20 
25 
30 
35 
4O 
45 
50 
55 
6O 
65 
degrees 
26°.7 
33  ° . 5 
41°.7 
51 °. 1 
59°.3 
63°.2 
66°.5 
70  °. 8 
75°.9 
79  ° .3 
80°.7 
per cent 
0.79 
0.81 
0.53 
0.37 
0.25 
0.27 
0.26 
0.18 
0.15 
0.16 
0.32 
standard series with this race, A (P.E.0/0  ×  100)/A log sin a is less than in series 
where no persisting sources  of irregularity were apparent, and the index of vari- 
ability employed in Col. 6, Table II, is accordingly much less than in the other 
series--proportionately less of the  total variability is  susceptible to  geotropic 
control. 
Individuals of the Ft generation produced by crossing lines K  and A 
were separately investigated, in two groups of 6 each.  The Ft progeny 
were of course all of the black hooded type (in view of the constitution 
of K  and A).  At the time of the tests these animals were 13-14 days 
old, and weighed 21.93  q- 0.20  gms.; these weights are, as was to be 
expected,  slightly  higher  than  in  the  parent  stocks  at the same age 74  GEOTROPIC  EXCITATION.  I 
(cf.  Crozier and  Pincus,  1927-28).  Any gross  influence due  merely 
to  increased weight  would  be  expected  (cf. I  refs.)  to increase  0,  at a 
given slope of surface.  But it is clear (of.  Table IV; Fig. 5)  that the 
0's  actually found fall definitely within  the limits  set  by the values 
provided by lines K  and A;  therefore, for the moment, this difference 
in weight can safely be ignored in the further treatment. 
The results from these experiments showed that the mean O's were 
strictly  comparable  among  the  separate  individuals.  In  Table IV 
TABLE IV 
Mean angles of upward orientation (0) in two groups,  six individua|s in each 
group, of young rats in the F, generation of crosses between lines K and A.  The 
general means of the fl's agree closely with the averages of the means of the two 
groups, the former being used for subsequent computations.  Since the numbers 
of observations at the several magnitudes of a are not the same, the variability of 
the measured O's can be compared in an exact way only through the coefficients of 
variation of the weighted  means,  which are therefore given (in the last column, 
with their probable errors). 
degre~ 
20 
25 
30 
35 
45 
55 
70 
(i) 
degrees 
46.75 
53.48 
62.38 
64.12 
68.82 
77.70 
82.20 
(il) 
degr~ 
52.19 
55.54 
59.12 
58.37 
69.07 
75.48 
8l .03 
(average) 
degree 
49.424-1.01 
54.574-0.86 
60.394-1.10 
62.104-0.73 
68.62::t:0.58 
76.554-0.69 
81.684-0.45 
C.V.  o 
~er cent 
3.05  4-0.42 
2.34 4-0.32 
2.71  4-0.39 
1.75 4-0.24 
1.25  -4-0.17 
1.35  4-0.19 
0.8184-0.11 
the data for the two series are given, together with the general means 
of the average  O's  for the  separate  individuals,  with  their probable 
errors, and the respective indices of variability.  In previously recorded 
series  of  data  1 we  have  used  experiments  in  which  the  numbers  of 
observations were kept the same,  thus permitting direct use of P.E.0 
as a measure of variability.  When, as in the present series, the num- 
ber of observations fluctuates somewhat  (though not greatly) among 
the separate individuals (viz.,  from 7 to 12) it is necessary to compute 
the coefficient of variation (Table IV).  It was earlier demonstrated ~ W.  J.  CROZIER  AND  G.  PINCUS  75 
that if the number of individuals be kept the  same  at different magni- 
tudes of a, and the number of readings made with each, the index of 
variability of 0 then declines in a  rectilinear fashion as log sin a  is in- 
q~ 
O 
Bin 
.Sin 
0A N 
.2 
02  0/~  0.8  1.0 
~in o. 
1 
0.4 
FIG. 5.  Mean orientations of 12 individuals produced by crossing K  × A.  The 
thin lines on the plot are those fitting the relationship A cos O/A sin a  =  --  const. 
for the two parental races, transferred fromFig. 1.  (In this figure it is assumed that 
the data can properly he fitted by a straight line.  Another and more  accurate 
interpretation (dashed line) is introduced subsequently.) 
creased.  This  relationship,  reasons  for  the  existence  of which  are 
discussed  elsewhere  (Crozier  and  Pincus,  1926-27,  a;  1927-28),  be- 
comes in fact a  rather delicate test of the homogeneity of the popu- 76  GEOTROPIC EXCITATIOBI.  I 
lation of individuals employed, as well as of the conditions of the ex- 
periments themselves.  In  the present instance it  is  apparent  that 
C.V.o,  and its probable error, decline in the expected way.  It may 
be noted that for a geometrically quite different case, in which ~ is a 
rectilinear function of sin  o~, not  (practically) of log sin a,  the vari- 
ability of ~ declines in direct relation to sin  a,  not to log sin ~  (cf. 
Kropp  and  Crozier,  1927-28).  The validity of this test  for homo- 
geneity is perhaps more easily apprehended in the light of the result 
of its application to a group of young rats similar in a general way but 
deliberately contrived to  be genetically diverse as  concerns the ele- 
ments controlling 0 as a function of a; in  this  case (see p.  78)  C.V.0 
fails to decline rectilinearly with log sin a, and in fact the mode of its 
deviation from such a course can be predicted. 
The relationship between cos 0 and  sin  a  is  essentially direct,  as 
shown in Fig. 5, and the slope of the line defined by the relationship 
is very close to that earlier obtained for the A  parent (cf. Crozier and 
Pincus,  1927-28).  The differences between the mean 0's  for Fz and 
line A  are  small,  although just  beyond the ranges of the probable 
errors, but the fact of the consistent  difference between the two tends 
to favor belief in their real separation.  It will be noticed that if the 
connection between ~ and a  should in fact depend, for lines K  and A, 
upon a  relevant genetic difference between the two,  then we might 
expect that in F1 the magnitudes of ~ found should correspond to those 
occurring between the limits set by the observations with lines K  and 
A  respectively, and not far outside these limits; and if a fairly simple 
genetic situation  should  obtain,  we  might  expect  the values  to  be 
rather near those pertaining to one of the parent lines.  These are 
indeed  the  facts.  At  the  same  time,  wide  divergence from  these 
expectations  would  not  necessarily preclude  genetic  analysis;  but 
we appear to have at hand a  somewhat fortunate case, in which the 
absolute magnitudes of the orientation angles and the slope of the line 
connecting cos 0 with sin a are both within the limits set by the paren- 
tal stocks.  At higher values of a, the mean 8's tend to agree rather 
closely with those established for line A,  so that the gross primary 
change, in F1, may be viewed as an alteration of the slope of the cos 
vs. sin a relationship. W.  J.  CROZIER AND  G.  PINCUS  77 
These F1 individuals, which should be a homogeneous group, geneti- 
cally, and are shown by the statistical test to bea homogeneous group 
as  to  their  geotropic behavior,  were raised  to  maturity  and  crossed 
to lines K  and A.  Lines K  and A  had been shown through the earlier 
work to be in their respective ways also homogeneous,  and  found to 
provide consistent values of 0 in successive generations and after con- 
TABLE  V 
Mean orientation angles (0)  for upward geotropic progression as determined 
by the slope of the surface (a), from observations with 22 individuals resulting 
from back crosses of F1 (K x a) with line K.  The mean O's are computed as averages 
of the mean angles of orientation gotten for the separate individuals.  If the pre- 
ceding analysis is essentially correct, the individuals procured in this back cross 
should constitute a population genetically heterogeneous with respect to the ele- 
ments determining 0 as a function of ~.  We expect then two consequences  of this 
heterogeneity:  (1) the smooth connection between A cos 0/A sin a should be notice- 
ably disturbed, although the general character of the connection between 0 and 
log sin a should be more or less the same; and (2) with (Ft ×  K) the variability of 
0 should not decrease in rectilinear fashion as log sin a increases, but should instead 
go through a mjnlmum at about a  =  35  ° or slightly above; Fig. 6 shows that this 
is indeed a fact. 
def.', 
20 
25 
30 
35 
45 
55 
70 
(Ftx K) 
degrees 
52.21-4-0.40 
57.114-0.25 
60.82 4-0.26 
66.71-4-0.27 
73.50±0.39 
78.244-0.33 
80.90 4-0.39 
C.V. 0 
~ef tens 
1.13  4-0.11 
0.6374-0.065 
0.6384-0.065 
0.5964-0.061 
0.7864-0.080 
0.63  4-0.064 
0.707 4-0.072 
(Ftx A) 
degrees 
52.544-0.99 
57.444-0.85 
60.834-1.14 
64.524-0.73  ] 
70.144-0.27] 
76,004-0.99 
80.844-0.69 
C.V.o 
.~er GCn¢ 
2.85 
2.18 
2.78 
1.67 
1.71 
1.93 
1.28 
siderable intervals of time  (upwards of 2  years).  In the back-cross 
generation the color and eye-factors were found to segregate in the ex- 
pected  ways,  but  we  are  not  at  the  moment  concerned  with  this. 
From these  crosses 21  individuals were taken at random (by litters) 
in families F1  X  A, and 22 in families F1  ×  K, in each case comprising 
an  approximately equal  number  of males and  females.  These indi- 78  GEOTROPIC  EXCITATION.  I 
viduals were tested  separately, employing standard procedure.  The 
results will presently be considered in detail.  At the moment we desire 
merely to  consider the  average  results.  If our premises are thus far 
sound we are prepared to encounter the following:  (1) the slope of the 
line  of  mean  O's  should  now  be  consistently  nearer  to  that  of  the 
averages of the corresponding values for the K  and A  lines; (2) the cos 
0  vs.  sin  a  relationship,  for mean  O's, might  be  seriously disturbed, 
or  at  least  definitely modified;  (3)  the  variability  of  the  mean  O's 
c~mt 
m  1~  \ 
×  \ 
£1t+ 
0.0 
log +incz 
FzG. 6.  The variability of 0 in a population of young rats deliberately arranged 
to be gentically heterogeneous  fails to decline regularly with increase of log sin a. 
In this case the  (22) individuals  derived from the backcrossing  of Fz (K × A) 
with K  were expected to be diverse as regards factors affecting the amount of 
geotropic orientation; the graphs connecting 0 with a for the two parental lines 
intersect at about a  -- 35°; hence we look here for ~/M to be a minimum at about 
a  =  35  °, which is the fact, and (cf. Fig. 2) we expect the descending limb of the 
curve to be the steeper. 
(Fz  ×  K) should no longer be found to decline directly with increasing 
log  sin  a,  but  should  pass  through  a  minimum  at  a  =  35 °  -  40  °, 
although  the  rising branch  of the  curve  (a >  40  °)  should  not  be so 
distinct as the descending arm  (a  <  40°).  These expectations arise 
from the fact that if segregation of factors  concerned with  the mani- 
festation of 0 as a  function of a  does indeed occur, then the mean of 
this (F1 ×  K) population should return toward that of the two P  lines, 
the 0 -graphs for which cross at about a  =  35 °  (Fig. 1). W.  J.  CROZIER  AND  G.  PINCUS  79 
The significant test is made by contrasting the behavior of the F~  × 
K  individuals  with  that  in  line  K,  since  the  FI  data  show at  least 
relatively  complete  dominance  of  factors  in  the  A  line  (cf.  Fig.  5). 
Table V contains the necessary data.  It is seen that C. V.0 does in- 
deed behave in the expected way (Figs. 6, 7), while it is clear (a) that 
the mean O's are about midway toward those exhibited by rats of line 
K, and (b) that the cos 0 vs. sin a curve does appear seriously affected. 
cent 
1.0 
I  I 
i.6  ~.8  0.0 
log Bin a 
FIG. 7. Variability of 0 in Fx individuals (K × A) declines with log sin a in an 
essentially rectilinear way.  It may be noted that  the ordinate  scale is quite 
large; ¢r/M X 100 is plotted as a bar, the height being -- 2 P.E. of the ordinate. 
The  0-curve slope  is more interesting  than  the  absolute magnitudes 
of the O's, as we will shortly have occasion to see.  The very significant 
behavior  of C.V.o we have a  right  to regard as a  direct justification 
of the reasoning which initially led us to the investigation of genetically 
stabilized lines.  Since the absolute differences which concern us are 
small, it is of interest to demonstrate that the rate of decline of varia- 
bility  of  the  mean  O's  for  the  individuals  from  the  opposite  back- 
cross, (F1 X A), is actually less than with the individuals from (F1 X K), 
as it should be if the premises already discussed are efficient.  Table 80  GEOTROPIC  EXCITATION.  I 
V contains these data also.  It is apparent that the variability declines 
with increasing ~, as we have a  right to foresee, but that there is no 
real minimum (C.V.e has been corrected for the number of observa- 
tions at each slope).  It is necessary to remember again that variations 
in weights of individuals may be significant here, or other causes lead- 
ing to  change of 0 without change of A ~ /  A log sin a; these influences 
will affect the absolute magnitudes of C.V.0 as computed. 